The histidine triad proteins (HITs) constitute a large and ubiquitous superfamily of nucleotide hydrolases. The human histidine triad nucleotide-binding proteins (hHints) are a distinct class of HITs noted for their acyl-AMP hydrolase and phosphoramidase activity. The first high-resolution crystal structures of hHint2 with and without bound AMP are described. The differences between hHint2 and previously known HIT family protein structures are discussed. HIT family enzymes have historically been divided into five classes based on their catalytic specificity: Hint, fragile HIT protein, galactose-1-phosphate uridylyltransferase, DcpS and aprataxin. However, although several structures exist for the enzymes in these classes, the endogenous substrates of many of these enzymes have not been identified or biochemically characterized. To better understand the structural relationships of the HIT enzymes, a structure-based phylogeny was constructed that resulted in the identification of several new putative HIT clades with potential acyl-AMP hydrolase and phosphoramidase activity. 
Introduction
The histidine triad (HIT) superfamily is an ancient family of enzymes that share a common nucleotidebinding fold. Originally, HIT family members were identified by the presence of a conserved sequence motif (H-X-H-X-H-X-X, where X is a hydrophobic residue), although the superfamily has been expanded to include additional members that share the same nucleotide-binding fold [1] . Many HIT family proteins exist as symmetric homodimers but, in some, the two nucleotide-binding domains are fused into a single polypeptide. Five recognized branches of the enzyme superfamily are distinguished by their catalytic specificity, including galactose-1-phosphate uridylyltransferase (GalT), fragile HIT protein (Fhit), DcpS, aprataxin and histidine triad nucleotide-binding protein (Hint) subclasses [2] .
GalT catalyses the transfer of UDP from glucose-UDP to galactose during the metabolism of galactose; the loss of this enzyme leads to galactosaemia, and potential long-term developmental effects [3] . GalT lacks the canonical sequence motif in both portions of its fused sequence. It was identified, however, as a HIT superfamily member by virtue of the semi-conserved fold and mode of nucleotide binding [4] .
The scavenger decapping enzyme DcpS participates in the regulation of gene expression by specifically cleaving methylated mRNA transcripts. Unlike other HIT family members, DcpS requires an additional N-terminal domain for activity, and has been found to undergo a large conformational change from an 'open' to a 'closed' form during catalysis [e.g. Protein Data Bank (PDB) code: 3BL9] [5] [6] [7] [8] .
Aprataxin possesses both a zinc finger domain and a forkhead-associated domain (major splice variant only) in addition to the HIT domain. An enzyme that is specific to the nucleus and nucleolus, aprataxin hydrolyzes both dinucleotide polyphosphates and phophoramidates, and may play a role in repairing 5′-AMP overhangs resulting from the repair of single-strand DNA breaks by DNA ligase [2, 9] . Mutations in the aprataxin-encoding gene (APTX) cause ataxia oculomotor apraxia-1, a neurodegenerative disorder characterized by the inability to control eye and other facial musculature [2, 9] .
The fragile HIT protein (Fhit) is designated as such as a result of the high rate of mutation at its locus on chromosome 3 in many cancers. Fhit has subsequently been characterized as a tumour-suppressor protein [10] . Similar to aprataxin, Fhit hydrolyses dinucleotide polyphosphates, and has also been shown to have modest phosphoramidase activity, although it is not known whether this activity is biologically relevant [11] .
The last family of HIT proteins are the Hints. Hints are the oldest branch of the HIT superfamily and are widely distributed among eukaryotes and archeabacteria. They have been primarily identified by their 5′-monophosphoramide hydrolase and acyl-AMP hydrolyase activity. Unlike Fhits, human Hints (hHints) are highly efficient acyl-AMP and phosphoramidate hydrolases, although are unable to carry out dinucleotide polyphosphate hydrolysis. There are three identified members of the Hint family in humans: hHint1 (initially misidentified as protein kinase C inhibitory protein 1), hHint2 and hHint3. Human Hint2 shares 61% sequence identity to hHint1, whereas hHint3 is less similar (28% identity).
Physiologically, the hHint family has been implicated in tumour suppression pathways; hHint2 and hHint3 are known to be up-regulated in certain breast, pancreatic and colon cancer cells, in relation to hHint1 [12] [13] [14] [15] . Human Hint1 is thought to act as a tumour suppressor by inducing apoptosis through nonenzymatic action and is known to have at least one intracellular substrate, lysyl tRNA synthetase [16] [17] [18] [19] . Additionally, a new analysis has reported that hHint1 mutations are the cause of heritable neuropathy [20] .
By contrast to hHint1, a cytosolic protein, hHint2 is localized in the mitochondria, the origin of apoptotic signalling. Currently, there is no known link between hHint2 and tumour suppression, or indeed any protein binding partners [2, 21, 22] . The mitochondria of Hint2 À/À mice have been shown to exhibit higher amounts of protein acylation, as well as altered morphology, and it has been suggested that hHint2 is required for glucose regulation and lipid metabolism, with possible implications for fatty liver disease [21, 22] . The HIT superfamily members all catalyze hydrolytic reactions producing a nucleotide or nucleotide transfer reactions using an absolutely conserved histidine and two other residues of a catalytic triad. The strictly conserved histidine is the second in the signature sequence motif (H-X-H-X-H-X-X), and the third histidine in this motif participates in this catalytic triad, although it is not universally conserved. The first histidine in this motif is not in a position to participate in this catalysis, although a third residue of the triad, also typically a histidine, is drawn from upstream in the protein sequence. The functional triad in hHint1 is His51, His112 and His114; aprataxin, Fhit and the Hints all conserve both the signature sequence motif and functional histidine triad.
Both directed structural biology and bacterial structural genomics efforts have resulted in the determination of the structures of the major members of the HIT superfamily. This collection includes human Hint1 [23] , and Escherichia coli Hint structures [24] , which are proteins with confirmed acyl-AMP hydrolase and phosphoramidase activity. The PDB also includes structures of many related bacterial proteins that have not been described or compared in the literature (i.e. PDB structures: 1XQU, 1Y23, 2EO4, 2OIK, 3ANO, 3IMI, 3I4S, 3124, 3LB5, 3L7X, 3KSV, 3NRD, 3O0M, 3OHE, 3OXK, 3P0T, 3R6F, and 4EGU). These structures are generically classified in the PDB as HIT-like hydrolases, cell cycle proteins, or proteins of unknown function. In the absence of any biochemical data that would allow these proteins to be placed functionally among the HIT proteins, they can only be identified as 'HIT-like' proteins.
In the present study, we report the first structure of an N-terminally truncated construct of hHint2 (residues 37-163) at high resolution. We have characterized the structure both with and without bound AMP, and have provided an analysis of the structures. We have also aligned the structures of HIT superfamily proteins with hHint2 to identify important structural features of these proteins, and have found several structural similarities in many of the HIT-like proteins, suggesting that many more of these proteins should also be classified as Hints.
Results and Discussion
The structure of human Hint2 has been determined by the analysis of diffraction data from an orthorhombic crystal form that extends to 1.19 A resolution. Crystals were obtained from a truncated protein construct expressed in E. coli that did not include a putative N-terminal mitochondrial pre-sequence. Because the full-length sequence has a poor solubility profile, the first 36 residues were removed to coincide with the sequence of hHint1 that was known to crystallize [23] . In these crystals, the homodimer prevalent in solution occupies the crystallographic asymmetric unit (chains A and B). These apo crystals were successfully soaked with AMP to produce a product-bound complex structure at a resolution of 1.6 A because substrates are quickly converted to AMP in the active site. Atomic coordinates from both structures have been deposited in the PDB [25] .
The overall fold of hHint2 is classified as an a-b meander, comprising a nucleotide-binding fold conserved across all the HITs. In hHint2, the fold begins with helix (a1) and three anti-parallel b-strands (b1-b3) that form a portion of the outer end of a curved b-sheet. A long a-helix (a2) then stretches across the width of the molecule, before two antiparallel b-strands separated by a long loop segment and short a-helix (b4, a3, b5) rejoin the sheet to complete the monomer fold. The pseudosymmetric homodimer is formed with extensive contacts between a2 helices and b4 sheets of each monomer, which combine to form a single crescent-shaped ten-stranded b-sheet that curls over the two long helices (Fig. 1) . A nucleotide-binding site exists in each monomer on the outer exposed face of the molecular crescent separated by a molecular two-fold axis.
In hHint2, the AMP molecule has extensive hydrogen-bonding contacts. The phosphate forms hydrogen bonds with Asn136, Ser144, Val145 backbone and His151; an additional hydrogen bond is made to Trp160 through a water molecule. The 5′ oxygen of the ribose is hydrogen bonded to His149, the catalytic histidine, whereas the 2′ and 3′ hydroxyls contact Asp80, as well as having one water-mediated contact each. The adenine is primarily hydrogen bonded to water, although it makes one specific contact with the amide proton of Val81. Nonpolar contacts of adenine are made by Phe56, Ile59 (both on a1) and Phe78 (on b2), and Val81 (on the b2-b3 loop). All these residues are conserved in hHint1, and very comparable interactions characterize the complexes with AMP that are reported for other HIT-like complexes.
Among the Hints and HIT-like proteins, only hHint1 and hHint2 have been studied in both the apo and AMP bound state. A small (approximately 1.0 A) shift of the backbone near Ser144 occurs in both proteins upon AMP binding. No other conformational adaptations are observed in response to AMP binding.
It has been established that the C-terminal segment of Hint proteins contributes to substrate specificity in catalysis [26] . The corresponding segment in hHint2 adopts a conformation identical to that seen in hHint1; only two conservative amino acid substitutions distinguish the proteins in this segment.
Portions of both monomers of hHint2 are disordered and omitted from the molecular models. In both apo and AMP bound models, residues 37-51 of monomer B are disordered. Residues 37-63, including all of helix a1, are omitted from monomer A. The disorder in residues 37-51 in both monomers is consistent with that seen in other hHint1 structures. The disorder of the a1 helix in monomer A can, in our opinion, be attributed to crystal packing. The binding of AMP has little effect on this disorder, although neither does the disorder appear to have much of an impact on AMP binding. Electron density for bound AMP in both binding sites is excellent, and the AMP conformation and position is similar. Hydrophobic contacts made between AMP and helix a1 residues Ile55 and Ala59 of monomer B are replaced by contacts with Arg58, Asp61 and Ser63 on the opposite side of a1 in monomer B related by crystal symmetry (Fig. S1) . Another notable difference between the hHint2 monomers is the conformation of the catalytic histidine, His149 (Fig. 2) . In all structures of HIT-like complexes in the PDB in which this histidine is present, it exists in a chi1 = +60°conformation where it can participate in catalysis. This conformation is also seen in hHint2 monomer B. In monomer A of hHint2, His149 is found in an unusual chi1 = À60°conforma-tion. A chloride ion occupies the position precisely analogous to the phosphate P in this monomer of the hHint2 apo structure, and we expected that AMP would displace the chloride and allow the histidine to return to a more native conformation. The chloride is displaced, although the unusual 'out' conformation of the histidine unexpectedly persists in monomer A, even in the AMP-bound complex.
The asymmetry of the dimer in hHint2 is unusual compared to other hHint structures, which typically exist as very symmetric homodimers, even when observed in crystallographically distinct environments. Although the asymmetry may be completely attributable to crystal packing, it nevertheless sheds some light on important features of this fold family that might have been previously unappreciated. His149 must adopt the 'in' chi1 = +60°conformation during the catalytic cycle because this is the histidine that is assumed to be nucleotidylated during acyl-AMP or phosphoramidate hydrolysis [23, 27] . The histidine is prevented from adopting the 'out' chi1 = À60°confor-mation in the hHint2 monomer B and other Hints by steric clashes that would be created with Phe56 (Phe19 in hHint1), whose side chain reaches inward toward the catalytic site from helix a1. We note that, in structure-based alignments of the Hints, Phe56 is strictly conserved. Monomer A of our hHint2 structure is the only example of a case, where, because the entire a1 helix is disordered, Phe56 is not in a position to provide this conformational restriction.
Because all members of the HIT superfamily utilize this histidine as part of their catalytic mechanism, we undertook a detailed structure-based alignment of HIT-like proteins whose structures are known (Fig. S2) . If conformational restriction of the catalytic histidine provides an enzymatic advantage to Hints, then this feature should be preserved in other histidine triad proteins. From our alignment, we conclude that this is highly likely. In all the HIT-like proteins, the phenylalanine is strictly conserved. Although other fold family members fulfil this requirement using different fold variations (not shown), all these proteins place a large hydrophobic group in a position that prevents the catalytic histidine from adopting an inactive 'out' conformation. Fhit family protein structures [28] , for example, replace the a1 helix with a b-hairpin, although they still preserve a phenylalanine in this position. GalT [29, 30] and aprataxins [31] adopt very different conformations in this region, although they place a leucine side chain in a comparable position.
It is also worth noting that many of the HIT family proteins bind zinc, although the zinc has not been shown to play a catalytic role as it does in the metalloproteinases. There is no apparent correlation between zinc-binding and subfamily identity [3] . In zinc-binding HITs, zinc coordination involves a C-X-X-C sequence motif in the a1 helix and the first histidine in the triad motif. These residues are highlighted in the sequence alignment (Fig. S2) . Aprataxins do not bind zinc in this fashion but do contain a separate zinc-finger motif [2, 9] . Based on this analysis, we expect that hHint3 does bind zinc. In hGalT, the case is not as clear. The zinc-binding amino acids are conserved in GalT homologue structures but, in hGalT, the first cysteine is replaced with asparagine (N-X-X-C), which may or may not play a comparable role.
We have used the structure-based alignment of 30 HIT-superfamily sequences to construct a phylogenetic tree of representative members of the HIT superfamily (Fig. 3) . Crystal structures were used to correct the misalignments that invariably result from the comparison of diverse sequences alone. In the alignment, we include the nucleotide-binding domains from several human proteins (hGalT, human aprataxin and hHint3) whose structures have not been previously described. The tree not only recreates the five major branches of the HIT-superfamily [2] , but also permits a subclassification of the widely sampled bacterial HIT-like proteins into four previously unidentified minor HIT clades. One of these clades (red) includes hHint1, hHint2 and the E. coli Hint, all of which are acyl-AMP and phosphoramidate hydrolases. This clade also includes the protein identified as 1XGU, a target of bacterial structural genomics efforts whose activity is unknown. Based on the sequence association, we confidently assert that this protein is also a Hint. The remaining bacterial structures fall into four HIT-like clades (purple, yellow, light green and brown). Structurally, the purple HIT-like clade (4EGU, 3OXK) appears to be highly related to the known Hint proteins, whereas the remaining three HIT-like clades differ from the Hints by the addition of a long 12-15 residue C-terminal helix that lies adjacent to a2, b1 and b2. Sequence alignment alone fails to properly separate these two structural subclasses: those that draw the C-terminal helix from the same monomer (2EO4, 3LB5, 3P0T, 3O0M, 3NRD, 3OHE, 3I4S and 3I24), and those that cross-over to draw this helix from the other monomer (3L7X, 3IMI, 1Y23, 3R6F and 3KSV). The members of the brown HIT-like clade (2OIK, 3NRD, 3OHE, 3I4S and 3I24) all have a significantly different a1-b1 connection that would preclude nucleotide binding in the previously observed conformations.
The other HIT superfamily members are more clearly divergent; despite having additional domains, there are changes within the HIT domain itself that can help delineate clade differences in the superfamily. GalT, the single HIT class whose substrates are pyrimidine rather than purine nucleotides, has an extended loop over the top of the nucleotide-binding site that would likely have unfavourable steric and electrostatic interactions with a purine. DcpS incorporates two nucleotide-binding domains, although they are not positioned to form a single b-sheet; the two five-strand b-sheets are separated. In aprataxin, a2 is significantly extended and irregular. Additionally, the nucleotidebinding pocket of aprataxin is much more enclosed than in other HITs (with the exception of DcpS, in which there is a second dynamically hinged domain that can effectively close off the nucleotide-binding pocket.)
The comparison of multiple structures and the composition of the phylogenetic tree compels us to predict that the other bacterial proteins in HIT-like clades close to the Hints on the tree (the purple and light green clades) will also likely have phosphoramidase activity, and that they should all be considered as members of the same super-clade of Hint-like HITs. Importantly, hHint3 is in a clade by itself, and it is approximately as related to the other hHints as it is to the GalTs or aprataxin based on this analysis. The unique character of hHint3 has been previously noted on the basis of its unusual biochemistry; unlike other hHints, hHint3 has a strong preference for acylnucleotide substrates over the corresponding phosphoramidates Mycobacterium tuberculosis is shown in dark blue. The phylogenetic tree was constructed using the multisequence alignment in Fig. S2 and 100 additional data sets from the Fitch-Margoliash method in PHYLIP [47, 48] , allowing global rearrangement. Numbers on the branch points indicate bootstrapping support (as a percentage value).
[32]. The isolated position of hHint3 in the phylogenetic tree provides additional evidence for hHint3 being a distinct HIT family member that requires structural study.
Materials and methods

Cloning
The full-length gene for human histidine triad nucleotidebinding protein 2 (HINT2) was obtained in a pQE-T7 vector that had been optimized for E. coli expression, and residues 37-163 were amplified by PCR [33] using PfuTurbo (Agilent Technologies, Santa Clara, CA, USA) and the primer pairs hHint2NT_SNT_FW and hHint2NT_SNT_RV (Integrated DNA Technologies, Coralville, IA, USA) shown in Table 1 . Residues 37-163 were identified as the construct of interest because these residues exclude the proposed mitochondrial signal peptide (residues 1-19) and residues 20-37 that align to the N-terminus of the successfully crystallized construct of hHint1 [23] . The PCR products were separated by gel electrophoresis, and then the product of interest (residues 37-163; hHint2NT2) was purified from the agarose gel (Zymoclean TM Gel DNA Recovery Kit; Zymo Research, Irvine, CA, USA). The hHint2NT2 construct was prepared for insertion into ligation-independent cloning site of the pMCSG9 vector by extension of poly-C 5′ ends by T4 polymerase (Promega, Madison, WI, USA), then introduced into a pMCSG9 vector [N-terminal, tobacco etch virus (TEV) cleavable maltose binding protein fusion; ampicillin resistance] that had been opened with SspI and prepared with complementary poly-G tails [34] . The hHint2NT2-containing vectors were transformed into E. coli XL1 Blue supercompetent cells (prepared with the Z-Competent TM E. coli Transformation Kit; Zymo Research) in accordance with the manufacturer's instructions. Clones positive for the vector were selected on ampicillin agar and confirmed by colony PCR with PCR Supermix (Invitrogen, Carlsbad, CA, USA), the TEV_for-ward primer, and the T7_reverse primer (Integrated DNA Technologies) (Table 1) , and a positive, confirmed clone was grown on 5 mL of LB broth with 100 lgÁmL À1 ampicillin; the plasmids were then harvested (Zyppy TM Plasmid Miniprep Kit; Zymo Research). The gene sequences were verified by DNA sequencing (Biomedical Genomics Center, University of Minnesota, Minneapolis, MN, USA). The plasmid was transformed into E. coli BL21 DE3 Rosetta2 pLysS (chloramphenicol resistant) supercompetent cells (prepared with the Z-Competent TM E. coli Transformation Kit; Zymo Research) in accordance with the manufacturer's instructions. Positive clones were selected on ampicillin plus chloramphenicol agar.
Expression and purification
The transformed BL21 DE3 Rosetta2 pLysS cells were grown in LB broth containing 100 lgÁmL 5 lL) was then added. The cell debris was removed from the lysate by centrifugation at 39 000 g at 4°C for 35 min. The supernatant was clarified using a 0.45-lm syringe filter (Millipore, Cork, Ireland), loaded onto a nickel affinity column (two in series 5-mL column HisTrap TM FF; GE Healthcare, Uppsala, Sweden), washed with buffer A, and then eluted with an imidazole gradient using buffer B [50 mM Hepes, 300 mM NaCl, 600 mM imidazole, 10% (v/v) glycerol, pH 7.5]. Fractions containing the hHint2NT2_MBP fusion protein were identified by gel electrophoresis and pooled (45 mL of A 280 = 8.4 mgÁmL À1 ). N-terminally His-tagged TEV protease was added at 2% (w/w), and the protease mixture was transferred to dialysis tubing (molecular weight cut-off of 3500; Spectrum Laboratories, Rancho Dominguez, CA, USA) and dialyzed against 2 L of TEV cleavage buffer [50 mM Hepes, 200 mM NaCl, 5% (v/v) glycerol, 1 mM dithiothreitol (Fisher Scientific), 0.5 mM EDTA (Fisher Scientific), pH 7.5] overnight at 4°C. The cleaved hHint2NT2 protein was removed from the protease mixture by reductive immobilized metal affinity chromatography, and the completion of the cleavage was confirmed by gel electrophoresis. The cleaved protein was concentrated to 10 mgÁmL À1 and further purified using size exclusion chromatography (HiPrep 16/60 Sephacryl S100 HR; GE Healthcare) using SEC buffer [50 mM Hepes, 250 mM and microseed solution (0.5 lL), appearing in approximately 1 week. Apo crystals were flash frozen in liquid nitrogen without further cyroprotection.
Ligand soaking
Crystals were transferred into a solution of mother liquor [100 mM Mes, pH 6.5, 40% poly(ethylene glycol) 8000] containing 5 mM AMP (Sigma Aldrich) and soaked for 30 min over a well of mother liquor; they were then flash frozen in liquid nitrogen without further cryoprotection.
Data collection and processing
Diffraction data were collected from crystals at 100 K on beamline 17-ID-B (IMCA-CAT) using a Dectris Pilatus 6M Pixel Array Detector at the Advanced Photon Source of Argonne National Laboratories (Argonne, IL, USA). The data were processed using XDS [35] [36] [37] . Conservative resolution limits were selected to ensure high confidence in data quality as reflected by both R merge and I/(rI) in high-resolution shells. Data agreement and summary statistics are provided in Table 2 .
Structure determination and refinement
The apo structure was solved by molecular replacement using hHint1 dimer atomic coordinates (PDB code: 1AV5) [23] and PHASER [38] in the CCP4 suite [39] . The AMP complex was solved similarly using the apo structure. A single homodimer occupies the crystallographic asymmetric unit, which is 37% solvent (by volume) in the apo structure and 35% solvent in the AMP complex structure. Refinement was carried out using REFMAC5 [40] in the CCP4 suite, as well as PHENIX [41, 42] , using COOT modelling and visualization software [43] . Summary refinement and model characteristics are provided in Table 2 . In both structures, although especially in the higher resolution apo structure, several side chains are modelled in multiple conformations. The models include many waters that were modelled in alternate conformations as a result of the strongly oblate (rather than spherical) character of the electron density.
Superposition methods
Similar protein structures were superimposed using core substructure matching, which drives multiple structures onto a common reference structure by structural alignment of core substructures [44] . Monomer A of the hHint1 structure of Lima et al. [1] (PDB code: 1KPA) served as the target reference structure. Hint structures were overlaid using a core substructure comprised of residues 39-55 and 111-116. More distant homologues (GalT, DcpS, aprataxin, Fhit) were aligned using substructures representing the conformationally conserved core of the nucleotide-binding domain, including portions of b1-b4 but not the intervening loops (residues 36-45, 51-55, 95-98 and 111-116). Overlay methods 'Hint' and 'HIT-NBD' embodying these substructures are available (https://drugsite.umn.msi.umn/) along with services that overlay any homologous structure using these methods [44] .
Structure-guided sequence alignment and phylogeny
HIT superfamily members were identified by applying the HIT-NBD (HIT-nucleotide-binding domain) core substructure to search the PDB for structural homologues using Drugsite searching services (https://drugsite.msi.umn/ searches/). For structures (such as the GalT-related enzymes) that exist as fused dimers of imperfect HIT-like domains, the monomer exhibiting a lower rmsd compared to the reference HIT-NBD was chosen for sequential alignment. The sequences for all PDB structures annotated as being HITs or HIT-like proteins, as well as the sequences of the structurally uncharacterized proteins hHint3, human aprataxin and hGalT, were initially aligned using CLUSTAL OMEGA [45, 46] , and then the alignment was manually corrected if necessary to ensure coincidence of positionally aligned residues of the core nucleotide-binding domain. Using PHYLIP [47, 48] in the mobyle@pasteur portal (https:/mobyle.pasteur.fr/), a set of protein distance matrices was generated from the structurebased sequence alignment, although positions that had fewer than 15 sequences with aligned residues were excluded. This was carried out with the aim of minimizing the effect of gap penalties, yet maintaining the diversity and integrity of the structure-based alignment of superfamily. After the generation of a protein distance matrix, a consensus phylogenetic tree was constructed from the 100 data sets using the FitchMargoliash method and allowing global rearrangement. The phylogenetic tree was constructed and plotted using the phylogenetic server WUR (http://www.bioinformatics.nl/tools/ plottree.html).
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